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Obesity is associated with a low-grade systemic chronic inﬂammatory state, characterized by the abnormal production of pro-
and anti-inﬂammatory adipocytokines. It has been found that immune cells such as macrophages can inﬁltrate adipose tissue and
are responsible for the majority of inﬂammatory cytokine production. Obesity-induced inﬂammation is considered a potential
mechanism linking obesity to its related pathologies, such as insulin resistance, cardiovascular diseases, type-2 diabetes, and
some immune disorders. Therefore, targeting obesity-related inﬂammatory components may be a useful strategy to prevent or
ameliorate the development of such obesity-related diseases. It has been shown that several food components can modulate
inﬂammatory responses in adipose tissue via various mechanisms, some of which are dependent on peroxisome proliferator-
activated receptor γ (PPARγ), whereas others are independent on PPARγ, by attenuating signals of nuclear factor-κB( N F - κB)
and/orc-Junamino-terminalkinase(JNK).Inthisreview,weintroducethebeneﬁcialeﬀectsofanti-inﬂammatoryphytochemicals
that can help prevent obesity-induced inﬂammatory responses and pathologies.
1.Introduction
Recently, more and more lines of evidence have accumulated
that obesity is associated with low-grade chronic inﬂamma-
tion that is causally involved in the development of insulin
resistance. Systemic inﬂammation is markedly evident in a
number of human and mouse models of obesity, as deter-
mined by increased plasma levels of inﬂammatory cytokines
such as tumor necrosis factor-α (TNF-α), interleukin-6
(IL-6), and monocyte chemoattractant protein-1 (MCP-
1). These inﬂammatory cytokines are derived from obese
adipose tissue [1], and recently, it has been found that not
only adipocytes, but also immune cells, such as macrophages
[2, 3] reside in adipose tissue, and that these cells may
induce insulin resistance by promoting inﬂammation in
these tissues. The major cause of the development of obesity
and the consequent inﬂammatory disorders is the excess
dietary fat intake or an imbalance between the intake and
expenditure of energy. Overweight and obese patients may
develop paradoxical nutritional deﬁciency from eating high
energy foods with poor nutrient content; however, diet
with a higher nutrient density reduces their weight and
improves obesity-related inﬂammatory disorders [4]. This
indicatesthatobesity-relatedpathologiescanbepreventedor
improved by the intake of food containing components that
can control inﬂammation in obese adipose tissues inﬁltrated
with macrophages. In activated macrophages, inﬂammatory
responses are regulated by master regulators of inﬂammation
suchasnuclearfactor-κB(NF -κB)andc-Junamino-terminal
kinase (JNK) [5, 6]. Moreover, peroxisome proliferator-
activatedreceptor-γ (PPARγ)isreportedtoattenuateinﬂam-
mation in activated macrophages by interfering with NF-
κB signaling [7]. Therefore, targeting these inﬂammatory
regulators using food components may be a useful strategy
to prevent or ameliorate the development of obesity-related
diseases. Our group and other research groups have shown
that several food components can modulate inﬂammatory

















Figure 1: The development of vicious cycle of inﬂammation between adipocytes and macrophages in obese adipose tissue.
which are dependent on PPARγ, whereas others are PPARγ-
independent, by attenuating NF-κB or JNK signaling. In
this review, we introduce the beneﬁcial eﬀects of anti-
inﬂammatory food components against obesity-induced
inﬂammatory responses and pathologies.
2. Inﬂammatory Components Associatedwith
ObesityandRelatedPathologies
Adipose tissue is composed of adipocytes and stromal vascu-
lar cells containing various cell types such as preadipocytes,
endothelial cells, ﬁbroblasts, and numerous immune cells.
In particular, macrophage inﬁltration into adipose tissue is
prominent in obesity, and the number of macrophages in
adipose tissue correlates with body mass index, adipose size,
and the total amount of body fat [2, 3]. It has been suggested
that adipose tissue-derived MCP-1, a CC chemokine that
exhibits chemotactic properties on inﬂammatory cells, is
the key factor for inducing macrophage inﬁltration into
adipose tissue. The level of MCP-1 released by adipocytes
is signiﬁcantly greater in obese mice than in nonobese
mice [8–10] and is markedly increased when adipocytes
a r ec o c u l t u r e dw i t hm a c r o p h a g e s[ 11, 12]. MCP-1 from
hypertrophic adipocytes in obese adipose tissue can also
trigger macrophage inﬁltration into adipose tissue and
subsequently activates macrophages to release inﬂammatory
mediators such as TNF-α [10], which interferes with insulin
signaling and induces fatty acid lipolysis in adipocytes. The
concentrations of these fatty acids, particularly saturated free
fatty acids, are reported to be elevated in obesity [13]a n d
directly induce inﬂammatory responses in macrophages via
toll-like receptor 4 (TLR4), the lipopolysaccharide receptor
[14, 15]. The NF-κB and JNK pathways represent important
modulators of inﬂammatory gene expression downstream of
TLR4 in many cell types, including macrophages [11, 16,
17]. In this way, adipocytes and macrophages interact in a
paracrine manner and create a vicious cycle of inﬂammation
that augments the inﬂammatory changes and insulin resis-
tance in obese adipose tissue [11] (Figure 1).
3. Strategy to Prevent Inﬂammatory Responses
andInsulinResistance inObese Adipose
Tissues by Food Components
Inﬂammatory responses in obese adipose tissues are regu-
lated by many transcriptional factors. NF-κBa n dJ N Kr e p r e -
sent important modulators of inﬂammatory gene expression
downstream of TLR4 in adipose tissues, suggesting that food
components interfering with the TLR4/NF-κB or TLR4/JNK
axis could be useful to prevent the onset of insulin resistance
in obese patients (Figure 2).
Furthermore, PPARγ, a member of the nuclear receptor
superfamilyactivatedbyligands,alsoplaysanimportantrole
in inﬂammation [18, 19]. Thiazolidinediones (TZDs), syn-
thetic ligands for PPARγ, suppress the production of proin-
ﬂammatory cytokines including TNF-α in LPS-stimulated
macrophages [7]. In addition to the anti-inﬂammatory
eﬀect,TZDsregulatethe mRNAexpression ofgenesinvolved
in lipid metabolism in macrophages and suppress their
transformation into foam cells [7, 20]. On the other hand,Mediators of Inﬂammation 3
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Figure 2: Signaling pathway of inﬂammatory gene expressions in obese adipose tissue and the strategy to prevent the obese-related
pathologies by food components.
TZDs have been widely used as antidiabetic drugs, which
activate PPARγ to resulting in the promotion of adipocyte
diﬀerentiation [21]. TZDs not only stimulate glucose uptake
into diﬀerentiated adipocytes but also induce the production
of adiponectin, an insulin-sensitivity-promoting factor [22],
and suppression of TNF-α through the PPARγ activation
in adipocytes [23]. Thus, food components that act as
ligands for PPARγ can show multiple eﬀects, including anti-
diabetes and anti-inﬂammatory eﬀects. Currently, two dif-
ferent molecular mechanisms have been proposed by which
the anti-inﬂammatory actions of PPARγ are in eﬀect: (1)
via interference with proinﬂammatory transcription factors
including NF-κB[ 7], and (2) by preventing the removal of
corepressor complexes from gene promoter regions resulting
in the suppression of inﬂammatory gene transcription [24].
4. Food Components That Regulate
Inﬂammation in Obese Adipose Tissue
On the basis of the strategy suggested above, our research
group focused on the PPARγ-dependent or PPARγ-
independent mechanisms to suppress the inﬂammatory
mediators secreted by obese adipose tissues. For the screen-
ing of food components related to the former mechanism,
our research group used the sensitive PPARγ ligand assay
system developed by modifying the luciferase reporter assay
system [25] and has found several phytochemicals that act
as PPARγ agonists (Table 1). To evaluate the characteristics
offoodcomponentsthatpreventobesity-induced inﬂamma-
tory responses, we used the coculture system of adipocytes
andmacrophages,whichisaninvitromodelofobeseadipose
tissue inﬁltrated by macrophages (Figure 3).
Table 1: Phytochemicals that regulate obesity-induced inﬂamma-
tion.
Compound Origin PPARγ dependency
Abietic acid Pine rosin dependent
Anthocyanin Red/Purplish
Fruit independent
Auraptene Citrus Fruit dependent
Capsaicin Hot pepper dependent
Dehydroabietic acid Pine rosin dependent





Luteolin Herb, Spice independent
Naringenin Citrus Fruit independent
Naringenin chalcone Tomato peel independent
PUFA Fish oil independent
Resveratrol Red wine dependent
6-Shogaol Ginger dependent
4.1. PPARγ-Dependent Action. Spices are derived from
plants cultivated in temperate and tropical zones, and many
of them have antioxidant, anticancer, antiobesity, and anti-
inﬂammatory activities [26–28]. Several anti-inﬂammatory
spice-derived components are reported to modulate inﬂam-
matory responses in adipose tissue and therefore improve
obesity-related pathologies such as insulin resistance [29,
30].4 Mediators of Inﬂammation
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Figure 3: Coculture system of adipocytes and macrophages for the screening for anti-inﬂammatory food components.
Capsaicin, a spicy ingredient of hot peppers, has not
only metabolic properties to induce thermogenesis and fat
oxidation [26, 28] but also anti-inﬂammatory properties
[31]. In the adipose tissue or adipocyte culture system,
capsaicin inhibits the expression and secretion of IL-6 and
MCP-1 from the adipose tissues and adipocytes of obese
mice, whereas it enhances the expressions of the adiponectin
gene and protein [29]. These actions of capsaicin are asso-
ciated with NF-κB inactivation, which is probably mediated
by PPARγ activation [29]. Moreover, capsaicin suppresses
not only macrophage migration induced in an adipose-
tissue-conditioned medium but also its activation to release
proinﬂammatory mediators. It is also demonstrated that
capsaicin administration in vivo improves obesity-induced
insulin resistance [29].
Ginger, which is the rhizome of the plant Zingiber ofﬁci-
nale Roscoe, is widely used as a spice and herbal medicine.
6-Shogaol is the main ginger-derived component, which
has potent anti-inﬂammatory activities [32, 33]. Because 6-
shogaol is a potent agonist of PPARγ,i tn o to n l ye n h a n c e s
the expressions of adiponectin and aP2 but also inhibits the
TNF-α-induced downregulation of adiponectin expression
in adipocytes [34].
Isoprenoids (terpenoids), which are present in many
dietary and herbal plants [35], exhibit many biological
eﬀects: antitumor proliferation, anti-hypercholesteremia,
and anti-diabetes [35–37]. Abietic acid (AA) and one of
its derivatives, dehydroabietic acid (DAA), are diterpenes,
which are both the major components of the rosin fraction
of oleoresin synthesized by conifer species, such as grand ﬁr
(Abies grandis) and lodgepole pine (Pinus contorta)[ 38]. We
have found that both AA and DAA have anti-inﬂammatory
eﬀects on macrophages, which are mediated by PPARγ
activation [25]. When DAA was administered with a high-fat
diet to obese diabetic KK-Ay mice, DAA suppressed the
production of proinﬂammatory mediators such as MCP-
1a n dT N F - α, increased that of adiponectin, and reduced
the inﬁltration of macrophages into the adipose tissues of
HFD-fed mice [39]. DAA can also strongly activate PPARα,
which is mainly involved in the control of lipid metabolism
[40], and the fact that PPARα agonists such as Wy-14643
can suppress inﬂammation in adipose tissues [41] suggests
that DAA as a PPARα/γ dual agonist is a valuable medic-
inal food-derived component for improving the inﬂam-
mation caused by obesity and for controlling metabolic
syndrome.
Auraptene (a monoterpene derivative), a citrus fruit
compound contained mainly in the peel, is also a PPARα/γ
dual agonist [42, 43]. In adipocytes, auraptene regulates the
transcription of PPARγ target genes, induces the expression
and secretion of adiponectin, and inhibits those of MCP-
1[ 42]. It is also observed that auraptene can suppress the
inﬂammatory changes between adipocytes and macrophages
and the macrophage inﬁltration into obese adipose tissues
(Lin et al. unpublished data). Several reports have indi-
cated that coapplication of PPARα and PPARγ agonists or
treatment with dual agonists causes more eﬃcient glucose
uptake into adipocytes to decrease the blood glucose level
without the increase in body weight [41, 44]. Further in vivo
investigations are necessary to elucidate the inhibitory eﬀect
of auraptene on chronic systemic inﬂammation induced by
obesity.
4.2. PPARγ-Independent Action. Flavonoid is a general term
for plant metabolites that have a C6-C3-C6 structure.
Chalcone is the ﬁrst product in the ﬂavonoid biosynthesisMediators of Inﬂammation 5
pathway, which is catalyzed by chalcone isomerase, resulting
in the ﬂavanone naringenin. Most ﬂavonoids are then
metabolized to ﬂavone, dihydroﬂavonol, ﬂavonol, leucoan-
thocyanidin, catechin, and anthocyanidin by oxidation-
reduction reaction. Over 4,000 ﬂavonoids have been iden-
tiﬁed, many of which occur in vegetables and fruits. These
ﬂavonoids have been reported to have antiviral, antiallergic,
antiplatelet, anti-inﬂammatory, antitumor, and antioxidant
activities, and recently, they have attracted considerable
interestbecauseoftheirpotentialbeneﬁcialeﬀectsonobesity
and metabolic syndromes.
Luteolin, a ﬂavone that is present in medicinal plants and
in some vegetables and spices, has been reported to exhibit
antioxidant, anti-inﬂammatory, and antiallergy functions
[45]. Recently, we have found that luteolin also inhibits low-
grade chronic inﬂammation induced during the coculture of
adipocytes and macrophages [17]. Luteolin does not aﬀect
I-κB-α degradation and thus may not aﬀect the NF-κB
activation. However, it inhibits the phosphorylation of JNK
in the macrophages activated by the conditioned medium
derived from adipocytes [17]. Because luteolin is not a
PPARγ agonist (Ando et al. unpublished data), luteolin may
act on JNK directly or indirectly via a PPARγ-independent
mechanism.
Using the coculture system of adipocytes and macro-
phages, we have also found similar eﬀects of naringenin
chalcone, a type of ﬂavonoid accumulated in tomato peels.
Naringenin chalcone has only been reported as having
antiallergic activities [46]; therefore, we examined its eﬀect
on the inﬂammatory changes associated with the interaction
of adipocytes and macrophages. As in the case of lute-
olin, naringenin chalcone also suppresses the production
of inﬂammatory mediators induced by the coculture of
adipocytesandmacrophages[12].Theﬂavanonenaringenin,
which is abundant in citrus fruits, also inhibits coculture-
induced inﬂammation; however, the suppressive eﬀect is
more notable in naringenin chalcone [12]. However, unlike
luteolin, naringenin chalcone and naringenin partly inhibit
the degradation of I-κB-α [12] and suppress the macrophage
inﬁltration to hypertrophied adipocytes (Hirai et al. unpub-
lished data). These three ﬂavonoids do not serve as agonists
of PPARγ in the luciferase reporter assay (Hirai et al. unpub-
lished data); thus, it is considered that they also aﬀectthe sig-
naling molecules downstream of TLR4 directly or indirectly
but independently of PPARγ activation in macrophages.
Anthocyanins, another type of ﬂavonoid found in
red/purplish fruits and vegetables, including purple grapes,
apples, blueberries, egg apples, and beans, are well-known
antioxidants. These ﬂavonoids have also been shown to
have anti-inﬂammatory activity in obese adipose tissues,
which is mediated by PPARγ-independent mechanisms
[47, 48]. Moreover, cyanidin 3-glucoside (C3G), a typical
anthocyanin, downregulates the retinol binding protein 4,
which is known to ameliorate insulin sensitivity in the white
adipose tissue of diabetic KK-Ay mice [49]. Therefore, the
C3G-induced improvement of insulin sensitivity may be
associated with the inhibition of inﬂammatory mediators
and stimulation of AMPK activity via PPARγ-independent
mechanisms [48].
Aside from ﬂavonoids, a saponin aglycon, diosgenin, is
also found to suppress the inﬂammatory mediators induced
bytheinteractionofadipocytesandmacrophages.Diosgenin
is found in a variety of plants including fenugreek (Trigonella
foenum-graecum) and roots of wild yam (Dioscorea villosa),
and its extracts have been traditionally used to treat diabetes
[50] and hypercholesterolemia [51]. Many researchers have
shown that diosgenin has various biological functions,
including anti-inﬂammation [52]. In our coculture system,
diosgenin also inhibited the inﬂammatory changes via the
downregulation of I-κB-α degradation and JNK activation
[53], which is independent of PPARγ activation (Uemura et
al. unpublished data).
6-Gingerol is another main ginger-derived component
besides 6-shogaol. The structures of these two components
are very similar and both are reported to inhibit TNF-α-
mediated suppressionofadiponectin in adipocytes; however,
the mechanisms of their inhibitory eﬀects are diﬀerent;
6-gingerol inhibits JNK signaling pathways in TNF-α-
induced adipocytes without aﬀecting PPARγ transactiva-
tion, whereas the anti-inﬂammatory action of 6-shogaol
is PPARγ-dependent [54]. These results suggest that slight
structural diﬀerences may aﬀect the aﬃnity for PPARγ and
the inhibition of the JNK signaling pathways.
Although saturated fatty acids directly induce inﬂamma-
tory responses in macrophages, long-chain ω-3 polyunsat-
urated fatty acids (PUFAs), such as docosahexaenoic acid
(DHA) and eicosapentaenoic acid (EPA), are known as
antiobesity and anti-inﬂammatory factors. Fish oil contain-
ing high concentrations of DHA and EPA is considered
a good source of ω-3 PUFA. The prevention of high-fat
or high-energy-diet-induced adipose tissue inﬂammation
and remodeling by long-chain ω-3 PUFA is reported to
be involved in PPARγ activation [55, 56]. However, the
anti-inﬂammatory mechanisms of PUFA action are diverse
and involve PPARγ-independent eﬀects [57]. Furthermore,
PUFA needs many cofactors such as folic acid, vitamins,
tetrahydrobiopterin, minerals, and L-arginine for their
physiological actions [58]. Hence, these cofactors should
also be provided in adequate amounts to bring about the
anti-inﬂammatory actions of ω-3 PUFA in obese adipose
tissues.
5. Conclusions/Outlook
A growing number of studies strongly support that obesity-
induced inﬂammation plays an important role in the
development of obesity-related pathologies such as insulin
resistance, cardiovascular diseases, type-2 diabetes, and
some immune disorders. NF-κB and JNK are important
modulators of inﬂammatory gene expression downstream
of TLR4 in obese adipose tissues, which are regulated
by PPARγ. All the food components described above are
beneﬁcial phytochemicals that ameliorate obesity-induced
inﬂammatory responses and pathologies by suppressing the
inﬂammatory signaling in a PPARγ-dependent or PPARγ-
independent manner. In particular, PPARγ agonists can
directly reduce adipocyte size and induce the expression
of anti-inﬂammatory cytokines, such as adiponectin [23].6 Mediators of Inﬂammation
Moreover, PPARγ agonists have recently been reported to
cause the polarization of adipose tissue macrophages to M2
phenotypes, resulting in the secretion of anti-inﬂammatory
cytokines [59]. Thus, food components with PPARγ ago-
nistic activities may also contribute to the improvement of
obesity-induced inﬂammation via adipose tissue remodeling
associated with the phenotype switch of macrophages.
Recently,ithasbeenreportedthatacombinationofbioactive
compounds is very eﬀective in vivo [60]. In particular, a
combinationofcompoundsexhibitingdiﬀerentmechanisms
by which anti-inﬂammatory eﬀects are exerted seems to be
most eﬃcient. Therefore, all the described phytochemicals
in this review, which act as PPARγ agonists, may be suitable
for the treatment of metabolic syndrome together with other
compounds that can suppress inﬂammatory responses in
aP P A R γ-independent manner, by directly inhibiting NF-
κB or JNK signaling. As shown in Table 1, citrus fruits
including oranges, grapefruits, lemons, and some limes,
and ﬁsh oil from blue-skin ﬁsh such as sardine, herring,
and albacore tuna, are the most available anti-inﬂammatory
foods in the market. On the other hand, our daily intake
of spices and herbs are still limited. Further studies on the
eﬀective amounts and forms of intake will help promote the
development of all these functional foods in the world.
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